The effect of moderate temperatures (25-75 C) on latent fingerprints over a five-hour period was examined using Fourier transform infrared (FT-IR) microspectroscopy. The aim of the study was to detect changes in IR spectra due to any changes in fingerprint chemistry; these results were then compared to pure compounds found in sebum that was subjected to 75 C for 5 h. Latent fingerprints deposited on CaF 2 microscope slides and placed on a Peltier pump heating stage showed that higher temperatures significantly reduced the quantity of sebaceous compounds after 5 h, whereas temperatures below 45 C had little effect on the quantity of these compounds over the same time period. Fourier transform infrared microspectroscopy allowed for the real-time detection of changes to the IR spectra and demonstrated an increase in the OH stretch band (3250 cm -1 ) over 5 h at all temperatures investigated, suggesting various oxidation processes were taking place. Pure samples analyzed included squalene, fatty acids, wax esters, and mixed triglycerides. Unsaturated lipids showed a similar increase in the OH stretch band to the latent fingerprints whereas saturated compounds showed no change over time. This information is required to better understand the effect of moderate temperatures on latent fingerprints and how these temperatures could affect aged print composition.
Introduction
The chemical degradation of latent fingerprints post deposition is of great interest to the forensic community. It is well documented that the chemistry of latent prints changes temporally in both adults and children. [1] [2] [3] [4] These changes not only affect visualization techniques, [5] [6] [7] some being more effective than others on aged prints, but also may potentially provide the basis for an aging tool to establish time since deposition.
The chemical components of a latent fingerprint have been well documented using a variety of analytical techniques 8, 9 but the chemical changes that occur over time are less well understood. Previous studies have shown that there are changes in fingerprint chemistry over time and under different conditions. Temporal decomposition [10] [11] [12] [13] [14] [15] appears to involve the shortening and degradation of unsaturated lipids including fatty acids (FA), wax esters, triglycerides, and squalene (SQ) due to various oxidation processes. [16] [17] [18] [19] [20] In contrast, saturated lipids stay relatively stable over longer time periods (>60 days). 20 A change in unsaturated FA has been observed over time decreasing significantly over a 30-day period. 12, 20 This is due to the unsaturated moiety degrading through both aerobic and anaerobic processes and increasing the proportion of unsaturated compounds. 20 Exposure to light also has a significant impact on fingerprint composition. Studies have shown that exposure to light affects the breakdown mechanisms of various components within fingerprint deposits differently and more rapidly than in dark conditions. Short chain FA and SQ in particular were affected by exposure to light conditions. 12, 13 Squalene degradation is supported by the identification of various photo-oxidation mechanisms to produce intermediary products including peroxides, hydroperoxides, and SQ epoxide and the fully oxidized forms being hexanedioic and pentanedioic acid. 19, 20 These products are particularly Cranfield University, The Defence Academy of the United Kingdom, Shrivenham, UK prevalent when SQ is exposed to ultraviolet (UV) radiation, such as direct sunlight. [19] [20] [21] Studies into the temporal changes of latent fingerprints, and exposure to light and dark conditions over time, are numerous and have indicated the complex nature of latent fingerprint chemistry. Studies into the effects of other environmental conditions on fingerprint chemistry, such as temperature, are also prevalent but these pyrolytic degradation studies mostly examine the effect of extreme temperatures (>150 C) from exposure to fires, improvised explosive device (IED) detonations or spent ammunition cartridges. 6, 7, [22] [23] [24] [25] Studies on the effects of more moderate temperature variations on latent prints (from room temperature to 80 C) are more limited 26 but did demonstrate a general decrease in lipid components. 26 In contrast to previous studies, detailed examination of moderate temperature effects (25-75 C) could provide significant information into the natural aging processes that occur within latent fingerprints.
Fourier transform infrared (FT-IR) spectroscopy is an emerging but recognized tool for forensic research applications. Previous studies have utilized IR techniques to successfully identify the key components of latent fingerprints, 10, 15, [26] [27] [28] [29] and FT-IR is ideally suited to the analysis of latent prints due to its nondestructive nature and specificity in identifying functional groups in organic compounds. Fourier transform infrared microspectroscopy has proven to be a powerful tool in monitoring temporal changes in latent fingerprints as specific sample areas can be repeatedly analyzed over the duration of an experiment. 26, 27 The aim of this study was to investigate the immediate effects of elevated temperatures (25-75 C) on the organic compounds within latent fingerprints from 0 to 5 h since deposition. Given the known oxidation processes that occur post deposition of a latent print, this study also aimed to analyze any changes in the IR spectra that could allude to these processes taking place within the first few hours since deposition. The work was strengthened through the examination of temperature effects on individual chemical components found within latent fingerprints thus enabling a more robust interpretation of observed changes. The compounds selected were either the most abundant in their group, e.g., serine shown to be the most abundant amino acid, [30] [31] [32] or known to have a significant effect on fingerprint degradation, i.e., SQ. [16] [17] [18] [19] [20] [21] The individual components investigated were the steroid precursor SQ, the FA palmitic acid (saturated), linoleic acid (polyunsaturated), the amino acid serine, the ester myristyl myristate, and mixed saturated and unsaturated triglycerides. These compounds were selected to crudely represent the major components within a latent fingerprint and as a representative for each of the essential functional groups under investigation in this study.
Experimental

Sample Preparation
All sample fingerprints were obtained from a single donor (a single donor was used for this small-scale study to maintain a relative consistency between samples, thus any notable observations were likely to be from the variations in temperature and not simply the inter-variability between fingerprints from multiple donors). Hands were first washed and dried thoroughly. The index finger was then drawn from the bridge of the nose, under the eye, to the temple ten times to collect sebaceous secretions and to simulate natural grooming behavior, and placed directly onto a CaF 2 IR microscope slide (10 Â 10 mm, Crystran Ltd). All prints were deposited between 09:00 and 10:00 to avoid significant diurnal variations in composition of the latent prints. For each print, the same index finger was used. All fingerprints were destroyed at the end of each day and the process repeated for each additional print; this ensured prints were fresh and analysis was not of inadvertently aged prints.
Heating of Fingerprints
Once the prints were deposited onto the CaF 2 slides, they were placed onto a hollowed-out Peltier pump heat stage and placed under the FT-IR microscope. The temperatures investigated were 25 C, 35 C, 45 C, 55 C, 65 C, and 75 C. Five prints were analyzed at each temperature, five deposits were selected for analysis per print, and spectra were acquired every hour for 5 h at relative humidity.
Fourier Transform Infrared Microspectroscopy
The latent fingerprints were analyzed using a PerkinElmer Spectrum Spotlight 200 FT-IR imaging System equipped with a liquid-nitrogen cooled MCT linear array detector. Data were analyzed using Perkin Elmer software, Spectrum (v.10.02.00), and variations in spectra were processed using peak area calculations. Spectra from fingerprint deposits were collected in transmission mode, the IR beam passing through the slide and the hollowed center of the heat stage, within a 4000-750 cm -1 spectral range with ten scans per pixel at 4 cm -1 spectral resolution and 10 mm spatial resolution, using a 100 Â 100 mm aperture.
Pure Sample Preparation
The preparation consisted of SQ ! 98% (Sigma Aldrich, UK), linoleic acid ! 99% (Sigma Aldrich, UK), serine ! 99% (Sigma Aldrich, UK), myristyl myristate ! 99% (Sigma Aldrich, UK), and mixed saturated and unsaturated triglycerides ! 98% (Sigma Aldrich, UK). A total of 10 mm of the pure compound was pipetted onto a CaF 2 slide and analyzed in an identical way to the latent fingerprints at 75 C for 5 h. Analysis at this temperature allowed for a definitive indication as to whether these compounds were susceptible to thermal degradation.
Results and Discussion
Before any fingerprints were subjected to heat treatment, a control spectrum was obtained from each print. Figure 1 shows a typical FT-IR spectrum of a fresh fingerprint from this study, the key peaks in the range of 3000-1100 cm -1 .
This study predominantly focused on variations in quantity of sebaceous materials at different temperatures. These sebaceous compounds correspond to the 2920 cm -1 and 2854 cm -1 antisymmetric and symmetric C-H stretching modes of CH 2 groups, the C ¼ O stretch of lipids (1741 cm -1 ), the scissoring mode of CH 2 groups and antisymmetric C-H bending mode of CH 3 groups (1463 cm -1 ), the CH 3 symmetric bend (1380 cm -1 ), the C-C-O stretch (1160 cm -1 ), and the O-C-C stretch (1111 cm -1 ). Variations in quantity of eccrine secretions were also analyzed, amino acids were observed corresponding to the amide I band (1655 cm -1 ), and amide II band (1545 cm -1 ) of secondary amides. The broad O-H stretch band (3250 cm -1 ) was also observed. It is changes to these sebaceous and eccrine absorption bands that correspond to changes in quantity of the related functional groups and therefore the compounds over time.
Thermally Degraded Fingerprints
Analysis of fingerprints exposed to moderate temperatures indicates significant changes in composition over time.
This study showed a significant reduction in absorbance, and therefore material, of all the key functional groups over the 5 h at 75 C, 65 C, and 55 C with the exception of the amide bands, but no significant reduction at the lower temperatures of 45 C, 35 C, and 25 C ( Fig. 2 and Fig.  3 ). This suggests that at the higher temperatures, the more volatile sebaceous substituents degrade rapidly, but at the lower temperatures (45 C, 35 C, 25 C) there is less degradation over this short time period; certainly at 35 C and 25 C there is no observable change in absorbance between the control and after 5 h. This is to be expected given the far longer time periods required for temporal degradation as observed in the studies mentioned previously, all being performed at room temperature. The reduction in sebaceous material at higher temperatures is understood to be due to the degradation through oxidation of lower molecular weight, volatile unsaturated lipids, including unsaturated FA, triglycerides as well as SQ. 12, 19, 20 Squalene has been reported to break down rapidly in aged fingerprints reducing in quantity within one day and being almost entirely undetectable within one week, 19 and this process it likely to be accelerated at elevated temperatures. Figure 4 shows the rate of change in absorbance for the 2920 cm -1 , 2854 cm -1 C-H stretching modes of CH 2 groups at all six temperatures. Samples heated to 45-75 C show a significant decrease in C-H absorbance meaning a reduction in material, the fastest reduction in absorbance being at the highest temperatures. The slight increase in the C-H stretching band at 35 C and 25 C could be an indication of an initial increase in short chain saturated FA as identified in previous studies, 12 which at higher temperatures evaporate off due to their volatility.
The lack of change in the amide I and II bands ( Fig. 3 ) is unsurprising given previous research demonstrating that these compounds do not seemingly undergo any significant photo-degradation over time and thermal degradation is only seen with temperatures in excess of 100 C. 25 Most notable in this study was the significant increase in absorbance of the OH stretch band (3250 cm -1 ) across all temperatures. This is in contrast to previous temporal degradation studies that indicate a decrease in OH absorbance over time, 15 thought primarily to be due to a loss of water through evaporation over periods as long as six weeks.
The rapid oxidation of sebaceous compounds such as unsaturated FA, SQ, and glycerides could account for the increase of the OH stretch absorption band. Even accounting for water loss, the net gain being the formation of these hydroxide functional groups due to oxidation mechanisms forming acids, alcohols, and hydroperoxides. 12, 19, 20 This data suggests that the activation energies required for these processes are below 25 C as there was no statistical relationship between the rate of change for the increase in the OH stretch band over time and temperature. Given the previously reported rapid degradation of sebaceous compounds such as SQ and certain unsaturated FA, it is likely that these processes require a low activation energy for oxidation to occur. Although the temperatures tested in this study do not influence the rate of change of the OH absorption band, higher temperatures (65 C and 75 C) do appear to limit the quantity of hydroxide functional groups being formed when compared to lower temperatures (Fig. 3) . This is most likely to be due to a more rapid loss of water at these higher temperatures as well as a loss of the more volatile organic compounds.
Pure Compounds
If specific sebaceous secretions are responsible for these oxidation processes and the resulting increase in the OH stretch band of the IR spectra, it is important to identify which compounds within these secretions are the main contributors to this change. As mentioned above, previous studies have demonstrated that certain unsaturated lipids decompose rapidly and could therefore contribute to the increase in absorbance of the OH band at 3250 cm -1 . This study looked at the major components of a latent fingerprint to identify which pure compounds, such as SQ, or compound groups, such as FA, most readily decomposed and contributed to the increase in absorbance of the OH band. Compounds primarily found in sebaceous secretions were selected, namely SQ, palmitic acid (saturated FA), linoleic acid (polyunsaturated FA), myristyl myristate (wax ester), and mixed triglycerides, as well as the amino acid serine, an eccrine secretion. Figure 5 shows an example spectra of the changes in the OH band over time for SQ.
Of the six compound groups investigated in this study (Fig. 6) , SQ, the mixed triglycerides, and linoleic acid showed significant changes in the OH stretch region at 3250 cm -1 . Serine, palmitic acid, and myristyl myristate showed no significant changes over the duration of the experiment. These data suggest that thermal degradation processes impact unsaturated sebaceous compounds significantly, but not saturated sebaceous compounds or amino acids. The increase in the OH stretch region at 3250 cm -1 in SQ supports previous studies reporting the rapid oxidation of this compound to produce intermediaries such as alcohols, mono-and polyhydroperoxides, and finally hexanedioic acid and pentanedioic acid. The mixed triglycerides analyzed showed an increase in the OH stretch band over the 5 h, indicating degradation processes in action, although not to the same extent as SQ ( Fig. 6 ). Some previous research has suggested possible triglyceride degradation mechanisms resulting in both saturated and unsaturated FA, 33, 34 the unsaturated FA then likely go through further oxidation thus continuing to increase the OH band. In a latent fingerprint, it is likely that triglyceride degradation processes would be increased due to the presence of cholesterol which has been shown to affect triglyceride decomposition. 34 Of the FA analyzed, linoleic acid (Fig. 6 ), a polyunsaturated FA, showed a rapid initial increase in the OH stretch region in the first hour, then little change over the remaining 4 h. This suggests rapid oxidation occurring on this unsaturated compound perhaps, as previously proposed, to produce FA peroxides through aerobic degradation. 36 It is worth remembering, however, that polyunsaturated FAs only make up $2% of sebaceous secretions 17, 36 so it is unlikely that these compounds would have a significant effect on the increase of the OH stretch band of a latent fingerprint. Monounsaturated FAs would also degrade aerobically however and they make up $48% of sebum. 17, 36 The OH stretch band of palmitic acid, a saturated FA, showed no significant variation in this study. This is consistent with temporal degradation studies reporting that C16 FAs, such as palmitic acid, remain relatively stable over a 60-day period. 20 The OH stretch band of myristyl myristate also showed no significant changes over the duration of this study, again consistent with previous studies showing that these saturated lipids are not significantly affected by temporal degradation due to a lack of functional groups. 17 Serine, the only non-sebaceous compound analyzed in this study showed no correlation between temperature and changes in the OH stretch region. As mentioned above previous studies have shown that significant thermal degradation of amino acids occurs at 100 C and higher 24, 25 due to their low volatility, so it is not surprising that there were no significant changes in the 3250 cm -1 OH band in this study.
Conclusions
The research presented within this paper suggests that the oxidation processes that occur during thermal degradation of latent fingerprints could be similar, if not identical, to that of temporal aging at a constant ambient temperature as shown in previous studies, 12, 16, 19, 20 but at a faster rate. It is reasonable to assume that latent fingerprints at a crime scene would be subject to varying diurnal temperatures from the time of deposition to the time of analysis by law enforcement agencies, varying from hours to days. This study demonstrates the dynamic nature of chemical decomposition within a fingerprint after just a few hours, higher temperatures causing more rapid degradation of the unsaturated and volatile lipids, which could impact crime scene work. Developing fingerprints that have been exposed to higher diurnal temperatures could be more challenging, particularly when using those developing agents that rely on lipophilic interactions. Further work is required to investigate the extent and consistency of these degradation processes using multiple donors to identify trends in decomposition, as well as the effect of different substrates on fingerprint chemistry. Future studies to better understand the degradation products that are likely to occur at varying temperatures could lead to better development techniques, more suited to prints subjected to higher diurnal temperatures.
The pure materials analyzed in this study translate to the compounds involved in the degradation processes of Figure 6 . The increase in OH absorbance (3250 cm -1 ) of SQ, mixed triglycerides, myristyl myristate, serine, palmitic acid, and linoleic acid at 75 C over 5 h. natural fingerprints. The analysis of pure samples that are present in sebum showed that SQ, in particular, but also triglycerides and mono/poly-unsaturated FA, are most likely to be the cause of an increase in the OH stretch band at 3250 cm -1 over time. This is likely to be due to various intermediary and complete oxidation processes. Future work accounting for individual variability would provide a better understanding of the interactions between these compounds and how each component affects the stability of the other.
